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Abstract: Fibre-based optical endomicroscopy (OEM) permits high resolution fluorescence 
microscopy in endoscopically accessible tissues. Fibred OEM has the potential to visualise 
pathologies targeted with fluorescent imaging probes and provide an in vivo in situ molecular 
pathology platform to augment disease understanding, diagnosis and stratification. Here we 
present an inexpensive widefield ratiometric fibred OEM system capable of enhancing the 
contrast between similar spectra of pathologically relevant fluorescent signals without the 
burden of complex spectral unmixing. As an exemplar, we demonstrate the potential of the 
platform to detect fluorescently labelled Gram-negative bacteria in the challenging 
environment of highly autofluorescent lung tissue in whole ex vivo human lungs. 
Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further 
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal 
citation, and DOI. 
1. Introduction 
Fluorescence microscopy has demonstrated itself as a powerful tool for visualising biological 
pathways. Diverse processes of living cells can be directly visualised in many biological 
contexts across in vitro and in vivo settings, enabled by a plethora of molecular imaging probes 
[1,2]. This is due to the high sensitivity and specificity of fluorescence microscopy, particularly 
when endogenous and exogenous fluorescent signatures are utilised together effectively [3]. 
Translating high resolution molecular microscopy utilising fibred OEM to human disease has 
the potential to deliver unprecedented molecular insights, particularly if coupled with targeted 
molecular imaging probes. 
Fibred OEM is enabled by small diameter flexible fibre bundles that permit microscopic 
imaging of organ systems such as the gastrointestinal tract [4,5], the urinary tract [6,7], and the 
respiratory tract [8,9], which is the focus of this paper. Important pathogenic or biological 
information contained in fibred OEM is increased by increasing the number of colour channels 
[9], alongside highlighting disease processes with multiple targeted fluorescent probes 
(SmartProbes). These SmartProbes span a wide breadth of utility within human lung tissue 
imaging, from direct imaging of bacterial burdens [10] to imaging of molecules, such as matrix 
metalloprotease [11], lysyl oxidases [12], neutrophil elastase [13], and thrombin [14], that are 
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known to be significantly elevated in pulmonary diseases such as adult respiratory distress 
syndrome, pulmonary fibrosis and lung cancer [15–18]. 
Unsurprisingly, there are major limitations of single colour (wavelength) imaging which 
are also exemplified by the increasing recognition of multiplexing immunohistochemical 
platforms in modern pathology. In this regard, many permutations of fluorescence imaging 
systems can be realised for multicolour imaging, each with its own associated advantages and 
disadvantages. A typical method of achieving multicolour fluorescence imaging is through the 
use of various illumination wavelengths and carefully chosen filter sets. Images are usually best 
captured on a monochromatic camera due to its comparatively higher quantum efficiency than 
a colour camera. Each colour channel then contains only intensity information within the 
spectral band defined by the filter set and images are subsequently false-coloured [8,9], 
meaning that fine spectral detail within the band is entirely lost. Given that many fluorophores 
have wideband emission spectra, it is exactly this spectral detail that can be taken advantage of 
to unmix the fluorescent signals representing crucial biological information within the imaging 
field of view (FOV). For example, collagen and elastin abundantly present in lung tissue enable 
label free in vivo tissue pattern delineation [19], but can complicate the detection of fluorescent 
probes if there are significant spectral overlaps. Recently, we described the development and 
clinical translation of a targeted SmartProbe labelling Gram-negative bacteria using an 
environmentally sensitive fluorophore, nitrobenzoxadiazole (NBD) that resides in the green 
region of the optical spectrum [20]. Its fluorescent signal is dependent on the polarity of its 
environment and hence the probe is silent (non-fluorescent) until bacterial membrane insertion 
– a requirement for clinical imaging where wash steps cannot be performed. The probe was 
shown to have Gram selectivity across a broad and clinically relevant panel of organisms, and 
was shown to not label mammalian cells. The Gram-negative specific probe was coupled with 
a commercially available OEM system. The motivation for using this wavelength of 
fluorophore was driven by the availability of clinically approved fibred OEM systems that 
could detect the SmartProbe in human disease. However, these single colour clinically available 
fibred OEM systems have technical limitations that preclude the potential to disentangle the 
strong lung autofluorescent signal which has a broad peak in the green region. Thus in these 
scenarios, spectral sorting of autofluorescence and SmartProbes can be advantageous. 
Multispectral and hyperspectral imaging techniques exist to improve signal to noise ratio 
and identification of different spectral signals, particularly in environments where tissue 
autofluorescence is high and several fluorescent probes are in use simultaneously. There are 
many multi/hyperspectral imaging techniques afforded to microscopy, described elsewhere 
[21,22]. These techniques typically rely on dispersive optical elements, long acquisition times, 
and subsequent unmixing of spatially and spectrally dense data. However, in many imaging 
contexts there is a priori knowledge of potential spectral contributions. Thus extraction of 
useful information can be achieved with a significantly smaller data set than required for 
blinded spectral imaging. As such, to successfully resolve SmartProbes from tissue 
autofluorescence or to resolve spectrally similar SmartProbes from each other, acquiring dense 
spectral information may be redundant. 
Thus motivated by the need to separate fluorescent targets during in vivo lung imaging 
contexts, we describe a simple inexpensive widefield imaging system, built from off-the-shelf 
optical components and coupled with a novel low-cost single use disposable imaging fibre 
bundle [23] which has been packaged to be readily introduced into endoscopes [24]. The 
imaging system utilises a single colour LED illumination source (470 nm), yet exploits 
ratiometric methods to enhance the contrast between similar fluorescent sources. This is 
achieved through calculating a spectral ratio value according to the relative proportion of light 
transmitted above and below a cut-off wavelength. We define the spectral ratio value as the 
short channel (approx. 470 nm – 605 nm) relative to the long channel (approx. 605 nm – 800 
nm). We make use of the discrete fibre structure to perform ratiometric analysis on a core-by-
core basis. Other methods of multispectral or hyperspectral imaging that are capable of 
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resolving multiple wavelength sources [25–27], would not work without modification in this 
context due to complex mode patterns down the fibre cores. The guided mode patterns present 
in the two wavelength bands are not identical. As such it is vital to extract the intensity per fibre 
core per wavelength channel for computational processing and image reconstruction, rather 
than direct analysis of overlaid camera images from each band. This approach also removes the 
intrinsic pattern of the fibre cores from the resulting images. 
Although the platform described here is single-colour illuminated, several illumination 
sources and spectral bands can be easily and inexpensively incorporated or adapted into the 
architecture to suit a variety of purposes, within the limits of target fluorescence intensity. We 
achieve two spectral bands through use of an optical chopper, with each channel overlaid on 
the camera multiplexed in time. A similar result could be achieved without a chopper but with 
the addition of a second camera. Side by side tiling of the two spectral bands on a single camera 
was considered. However, it was found that reducing the magnification of each channel to suit 
our detector size resulted in a pixel to core ratio that was prohibitively low. The platform adds 
significant versatility to low-cost widefield fibred OEM platforms that we have recently 
described [8,9]. As an initial proof-of-concept, we demonstrated the potential of the system to 
detecting bacteria pre-labelled with SmartProbe (NBD-PMX) in lung tissue. This has been the 
subject of significant efforts in signal processing and image analyses [28] as well as other 
modalities such as fluorescence lifetime imaging [29]. Our new approach offers a simple, 
readily translatable and effective solution to the technical challenge. 
2. Methodology 
This section describes the optical setup capable of acquiring images for ratiometric analysis (§ 
2.1), the methodology of the image processing itself (§ 2.2), and the experimental methods used 
to demonstrate the capabilities of the imaging system (§ 2.3). 
2.1 Optical setup 
Our widefield fibred imaging platform is enabled by a novel multifunctional endoscopic fibre, 
Panoptes, developed within our group [23,24]. Panoptes is a low index contrast imaging fibre 
consisting of 8100 cores with a 450 µm corner to corner field of view, packaged alongside two 
capillary channels for the delivery and extraction of fluids, such as SmartProbes, see Fig. 1 (b). 
The rest of the hardware for our ratiometric imaging system consists entirely of off-the-shelf 
components and is depicted in Fig. 1. 
 
Fig. 1. Ratiometric imaging system. Panoptes imaging fibre (a) consisting of a tessellated array 
of 8100 cores (b). A blue LED (c) is coupled via a dichroic mirror (d) into the fibre bundle. The 
fluorescence emission is separated by a second dichroic mirror (e) about 605 nm. The long 
wavelength path is interrupted by an optical chopper (f) and recombined with another dichroic 
mirror (g) onto a monochromatic camera (h). A PC (j) is used to control a triggering unit (i) with 
outputs to the camera and the chopper. 
                                                                              Vol. 10, No. 4 | 1 Apr 2019 | BIOMEDICAL OPTICS EXPRESS 1858 
A 470 nm LED (M470L3, Thorlabs) illumination source was collimated using an anti-
reflection coated achromatic condenser lens (ACL2520-A, Thorlabs) and directed through a 
standard epi-fluorescence arrangement of excitation filter and dichroic (FITC-Ex01-Clin-25, 
Semrock). The excitation light was then coupled into our fibre bundle and mounted in an x-y 
translation stage (ST1XY-D, Thorlabs) through a microscope objective (10 × , 0.3 NA, 
UPLFLN 10X2, Olympus). 
The emitted fluorescence from the target propagated through the fibre and, after passing 
through the epi-fluorescence dichroic and emission filter, was split into two optical paths 
according to a cut-off wavelength defined by the dichroic mirror (DMLP605R, Thorlabs). Into 
the long wavelength path, we placed an optical chopper (MC2000B, Thorlabs). The two paths 
were recombined using another dichroic mirror (DMLP605R, Thorlabs) and focused onto a 
monochromatic CMOS camera (GS3-U3-23S6M-C Grasshopper, Point Grey). A PC operated 
a triggering unit to synchronise the chopper rotation with camera acquisition. This ensured that 
the sequential full wavelength and short wavelength images were taken at 50 ms exposure time. 
From this, we easily derived a short wavelength channel (< 605 nm) and a long wavelength 
channel (> 605 nm) whilst acquiring images at 10 fps video rate. 
The dichroic mirrors, shown in Fig. 1 (e) and (g), define the cut-off and hence a value that 
we refer to as the spectral ratio. The spectral ratio, R, is the ratio of normalised core intensity 
in the short channel, 
scI , divided by the normalised core intensity in the long channel, lcI , and 
is given by, 
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Where 
sctm  and lctm  are the 
thm  cores in the short channel target image and long channel 
target image respectively. 
scbm  and lcbm  are the 
thm  cores in the short channel brightfield image 
and long channel brightfield image respectively. 
ip  is the 
thi  pixel intensity of the 
thm  core, 
n  is the number of pixels belonging to the core. 
 
Fig. 2. (left) Example fluorescence emission of SmartProbe labelled P. aeruginosa (black) and 
human lung (red) at excitation of 470 nm at 5.5 µW acquired using a spectrometer (USB2000 + 
VIS-NIR-ES, Ocean Optics) coupled into a spectroscopy setup analogous to our imaging 
arrangement. SmartProbe labelled bacteria have greater short wavelength contributions than 
typical lung tissue autofluorescence. Profile of dichroic mirrors used to separate the short and 
long channels determines the short channel wavelength range (green fill) and the long channel 
wavelength range (red fill). (right) Relative visibility of SmartProbe labelled bacteria defined as 
the relative spectral ratio value of SmartProbe labelled bacteria to lung tissue for a range of 
potential cut-off wavelengths. 
Rather obviously, the optimum cut-off wavelength is dependent on the expected 
fluorescence of the targets to be imaged. In our case, the cut-off wavelength was selected to 
maximise the relative visibility of labelled bacteria to lung tissue while maintaining a 
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satisfactory signal to noise ratio in both channels. We defined the relative visibility as the 
expected spectral ratio value of SmartProbe labelled P. aeruginosa divided by the expected 
spectral ratio value of lung tissue. The relative visibility, seen in Fig. 2, is maximised at ~650 
nm. However the signal to noise ratio in the long channel for both SmartProbe labelled bacteria 
and lung tissue is poor. As a practical compromise in this proof of concept demonstration, and 
influenced by the availability of mirrors, a cut off of 605 nm was chosen where relative visibility 
reaches 75% of the maximum, but signal amplitude has not dropped excessively. 
2.2 Image processing 
The 8100 cores of the imaging fibre are arranged in a tessellated square formation [23]. This 
core structure, as with all fibre bundles used for endomicroscopy, dominates the eye during 
imaging which can distract the user; thus it is often removed during post-processing. However, 
the core pattern was advantageous during our image processing algorithm as we could treat the 
fluorescence signal transmitted down each core independently. Thus it enabled us to perform 
ratiometric imaging on a core-by-core basis. Additionally, targeting the individual cores within 
the pattern is of particular importance in the realm of bacterial imaging where the bacterial 
targets or clumps may be ~3 µm in diameter and occupy only one or two cores within the fibre 
field of view. The image processing described in the following subsections of this paper is 
multistage: a core detection algorithm (§ 2.2.1), pairing of the cores between wavelength 
channels (§ 2.2.2), and normalisation and interpolation to produce a final ratiometric image (§ 
2.2.3). The core detection algorithm required a brightfield, broad spectrum image of the fibre 
in each wavelength channel in order to spatially map core locations. The brightfield image was 
first convolved with a Mexican hat transform, then cores were selected from the inter-core 
cladding and the core centres were defined, producing a set of core locations, core sizes and 
their intensities. Pairing of the cores between wavelength bands was achieved through 
calculating distances between all points in the two sets and selecting the minimum values. The 
production of the final image was carried out through a simple linear interpolation after spectral 
ratio calculation and resulted in visualisation of both intensity information and the spectral ratio. 
All image processing was carried out using Python and performed offline. In future we will 
improve the efficiency of our image processing in order to make spectral ratio imaging real-
time. 
2.2.1 Detection of cores from brightfield image and normalised core intensity 
A series of brightfield images were taken to segment the cores and a series of background 
images were taken to enable subtraction of the autofluorescent fibre background. These images 
were taken immediately prior to each biological imaging session. A wide range of core 
detection algorithms exist, each with varying degrees of complexity and effectiveness [30] and 
in this work, we used a wavelet transform. Initially, 300 brightfield images and 300 background 
images were taken (Fig. 3 (i) and (ii)) and these were averaged over intensity to produce single 
images of brightfield and background with low noise. The averaged background image was 
subtracted from the averaged brightfield image (Fig. 3 (iii)) and the resulting image was 
convolved with a Mexican hat wavelet function (Fig. 3 (iv)). Convolving the brightfield image 
with this transform effectively suppressed pixels in the inter-core regions and elevated the 
values of the core pixels themselves. This allowed for a simple blob detection algorithm to 
accurately detect and register the cores within the image with high accuracy. 
Once the cores were detected, the centre of mass (COM) of the pixels within each core was 
calculated and this established what we refer to hereafter as the core location. Where the 
algorithm unavoidably fails is in cases of physical artefacts within the fibre resulting in very 
low light transmission at some cores. Cores such as these were either undetected entirely or, as 
a result of drastically varying intensity profile, were detected as multiple cores. In the latter 
case, these cores were automatically removed from the analysis at this stage. Cores which were 
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not detected at all were ignored, and if detected in one channel but not the other were removed 
from the set. 
 
Fig. 3. Initial, semi-supervised processing of data set that sets out parameters for core data 
extraction. 
 
Fig. 4. Schematic of processing methodology used to analyse data and produce final images. (a) 
How wavelength dependent propagation of light through different cores is accounted for through 
normalisation of the data with a brightfield image. (b) How spectral ratio values are calculated 
following a core matching protocol and interpolation. 
The sum value of pixels within each core was calculated (Fig. 4 (a) (i)) and assigned to its 
COM (Fig. 4 (a) (ii)). This step was carried out on both the brightfield images in each 
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wavelength channel and the target images in each wavelength channel. This allowed for a 
normalisation step to take place to account for wavelength dependent propagation of each core 
(Fig. 4 (a) (iii)). 
2.2.2 Matching of cores between wavelength bands 
As a result of a combination of chromatic aberrations due to the broad spectral range of imaging 
and a low tolerance of the method to minor system misalignment (each pixel spans 
approximately 0.3 µm2 of the fibre face), the alignment between wavelength channels was too 
poor for a simple core matching process to be effective. In order to ensure reliable matching of 
cores between each wavelength channel, our algorithm included a supervised alignment step 
that set out new core location coordinates according to a linear geometric transform from the 
fibre corner locations (Fig. 3 (v)). Subsequent to applying the transform (Fig. 4 (b) (i)), the 
cores were reliably matched by calculating the minimum distances between all cores in each 
channel (Fig. 4 (b) (ii)). Cores for which no match could be found were discarded from the data 
set. In any typical experiment this accounted for < 1% of the total number of cores and was due 
to cores that did not efficiently propagate light and were not detected in one channel or the 
other. 
2.2.3 Final image reconstruction 
Once all cores were matched between channels, it was trivial to calculate their spectral ratio 
value (Fig. 4 (b) (iii)) according to (1) and map these onto a perceptually uniform colour scale. 
Throughout this paper we calculated the spectral ratio as short:long so that larger spectral ratio 
values represent a larger contribution of the short wavelength channel to the overall image. We 
linearly interpolated between cores to produce our final images (Fig. 4 (b) (iv)), but other 
interpolation types could be implemented if desired. By also using the original intensity values 
as an alpha channel (Fig. 4 (b) (iii)), final images were produced that display both ratiometric 
information and intensity information (Fig. 4 (b) (v)). 
2.3 Experimental methods 
Here we describe a highly controlled methodology using a 1951 USAF test target initially used 
to validate our imaging system and then describe the ex vivo lung model that we present as an 
exemplar of a potential clinical application. 
2.3.1 USAF test target characterisation 
We confirmed that differences between overlapping fluorescent targets could be resolved with 
our system through a simple imaging experiment. Firstly, to acquire both structural and 
ratiometric resolution we imaged a negative USAF test target placed above varying mixtures 
of two fluorophores whose emission was known. We chose 1 mM NBD and 1 mM fluorescein 
as fluorophores with notably different spectral emission, see Fig. 5. 
2.3.2 Ex vivo human lung model 
Ethics statement: All experiments using human samples ex vivo were performed following 
approval of the appropriate regional ethics committee (REC), NHS Lothian (reference 
16/LO/1883), and with consent. 
An ex vivo ventilated human lung model, as described in [8], was set up to test the system's 
capability of enhancing the contrast between lung tissue autofluorescence and pre-labelled 
bacteria. A whole human lung was ventilated and a bronchoscope inserted into the airways. 
The working channel of the bronchoscope was then used to pass Panoptes into the lung. The 
narrow diameter of the packaged fibre bundle (~1.4 mm) enabled access to the distal alveolar 
regions via a transbronchial approach. Baseline imaging of lung tissue was carried out, see Fig. 
6 and Fig. 7, before in situ delivery via the capillary channel of Panoptes of SmartProbe labelled 
P. aeruginosa (100 µL, 1 × 108 CFUml1), similar to that described in detail elsewhere [20]. 
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 Fig. 5. (a) Images from negative USAF target with (left to right) 100% 1 mM NBD, 25% 1 mM 
NBD 75% 1 mM fluorescein, and 100% 1 mM fluorescein with spectral ratio values clipped to 
0.75 - 4. (b) Spectra of the three solutions taken at an illumination wavelength of 470 nm at 5.5 
µW, using a commercial spectrometer (USB2000 + VIS-NIR-ES, Ocean Optics). (c) Histograms 
of the spectral ratio values contained within USAF images summed over the whole image for 
ten sequential frames. The histograms have been weighted by intensity and normalised by area 
for ease of comparison. Broadening of the 100% fluorescein histogram is due to a low signal to 
noise ratio above the cut-off wavelength at 605 nm. Note that a shift of the spectra towards 
shorter wavelengths corresponds to an increase in the spectral ratio calculated. 
3. Results and discussion 
3.1 USAF test target characterisation results 
Optical resolution was limited by the core to core coupling [30] and core spacing in the imaging 
fibre (even though the visual core pattern was successfully removed). Resolution of lines in 
group 7 element 3 of the chart (the elements have line widths of 3.10 µm), see Fig. 5 (a), was 
in agreement with that expected from previous observations [23]. Meanwhile change in colour 
in the images (also shown as the histograms of spectral ratio in Fig. 5 (c)) demonstrated that 
subtle spectral differences between fluorescent targets could be visualised despite illuminating 
with a single wavelength band and without gathering full spectral information of the targets 
themselves. The validity of the ratiometric imaging result was confirmed by acquiring emission 
spectra using a commercial spectrometer in conjunction with imaging (Fig. 5 (b)). 
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 Fig. 6. (top three rows) Typical examples of imaging lung tissue in an ex vivo lung perfusion 
(EVLP) model prior to instillation of labelled bacteria. (bottom three rows) Typical examples of 
EVLP lung imaging after in situ delivery of SmartProbe labelled P. aeruginosa. All images are 
the same FOV presented in four modes. (from left to right) Intensity image as would appear on 
a widefield fluorescence fibred OEM system; spectral ratio image (auto-scaled); combined 
image with auto-scaling; combined image with scaling clipped from a spectral ratio of 0.3 to 0.4 
to enhance SmartProbe labelled P. aeruginosa visibility (see Visualization 2); histograms of the 
spectral ratio contained with the image. Selected images are shown enlarged in Fig. 7. 
3.2 Ex vivo human lung and SmartProbe pre-labelled Pseudomonas aeruginosa 
Imaging was continuously performed in the field of view in the lung region where SmartProbe 
labelled P.aeruginosa was delivered and an increase in spectral ratio suggesting the presence 
of bacteria could be immediately visualised. We observed lung tissue structure as strands and 
other structures throughout the field of view. While it is apparent lung tissue without 
fluorophores has some variation in spectra (see top images of Fig. 6 and Visualization 1), the 
spectral ratio largely remains below a value of 0.3. Meanwhile, after the addition of 
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fluorescently labelled bacteria we observed a higher spectral ratio. With a scale range chosen 
to highlight this contrast, yellow features in the regions where we delivered labelled bacteria 
became apparent. These were absent from the images of lung tissue plotted at this scale (Fig. 6 
and enlarged in Fig. 7). See Visualization 2 for accompanying videos from Fig. 6. 
 
Fig. 7. (Top) Typical ex vivo imaging of lung tissue from EVLP model in alveolar space before 
and after in situ instillation of pre-labelled bacteria. Greyscale images show how imaging 
appears in the widefield imaging system without spectral ratio analysis enabled. Coloured 
images display spectral ratio and intensity with rescaling of spectral ratio to 0.3 - 0.4 to enhance 
SmartProbe labelled P. aeruginosa visibility. (Bottom) Typical histogram of spectral ratio across 
300 frame videos of lung before and after delivery of labelled bacteria. A tabulated series of 
images can be seen in Fig. 6. 
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Detection of features such as labelled bacteria in typical widefield fluorescent fibred OEM 
systems when spectra are very similar typically depends on recognising sets of characteristic 
behaviours. An example of this is in the interpretation of the bacterial burden within the distal 
lung following the delivery of molecularly targeted SmartProbes. In our recent experience, this 
was highlighted by punctate ‘twinkling’ within a video [20], believed to be a result of suspended 
bacteria in the FOV moving between individual cores of the fibre. In addition to this punctate 
signal (e.g. sixth row of Fig. 6) our images provide evidence that bacteria may adhere to the 
alveolar tissue itself (e.g fifth row of Fig. 6) when delivered locally, and consequently adherent 
bacteria may not appear as a twinkling and might not be noticed by looking for this 
characteristic. Crucially, this feature alone may underestimate the identification of bacteria 
within an OEM image. By combining spectral ratio imaging with knowledge of these 
behaviours, our system can improve the interpretation of fibre-based OEM. 
Our approach of using an optical chopper to divide the optical path into short and long 
wavelength channels in order to calculate spectral ratio values is not the only way to achieve 
this outcome. By taking images in each spectral band in sequence to later recombine into a 
single image, we assume that the FOV remains unchanged between each image. Although each 
frame is captured with an exposure time of 50 ms, this assumption fails if the target moves 
rapidly, as happens during fibred imaging of ventilated lungs. We found that motion artefacts 
were apparent in many data sets and future iterations of the system may feature a separate 
camera for each optical channel. This would allow simultaneous image acquisition of the FOV 
and likely significantly improve motion artefacts within the system. 
4. Conclusion 
Widefield fibred OEM systems have the potential to be widely applicable, especially by 
multiplexing such a system with labels targeted to disease. When tissue autofluorescence 
contributes to a significant background, features within the image marked by exogenous 
fluorophores can become less significant or even indistinguishable. We have developed a 
simple ratiometric fibred fluorescence imaging system and demonstrated its application to the 
visualisation of fluorescently labelled bacteria in a whole human lung model. The images 
produced using this system show that contrast enhancement between spectrally broad and 
overlapping emission sources can be readily achieved in a cost-effective platform. 
Coupling this simple system with a single use disposable packaged fibre [24] provides an 
entire platform with significant clinical utility. Future work will include assessing performance 
in lung tissue with existing infection, in exploiting the capability to unmix multiple targets over 
multiple wavelengths, and in a label-free imaging regime of lung and other tissues, see 
appendix, and Visualization 1. 
Appendix 
Skin tissue: As a demonstration of our system within label-free imaging contexts, skin tissue 
was imaged, see Fig. 8. Intensity mode represents the sample as it would appear in a widefield 
fluorescence imaging system showing how this is sufficient for clear visibility of tissue 
structure only. While these types of greyscale images are often false-coloured to give an 
impression of colour, spectral information pertaining to the structure remains unknown. With 
our spectral ratio images, spectrally different features are given a colour contrast and we can 
see that this spectral ratio does not typically follow intensity information. Once the two images 
are combined, we can attribute different structural features with a range of spectral ratios. 
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 Fig. 8. Typical examples of skin tissue. From left to right, intensity only image; spectral ratio 
only image with auto-contrast; combined image; histogram of the spectral ratio within the image 
weighted by intensity. 
Funding 
Engineering and Physical Sciences Research Council (EPSRC, United Kingdom) 
(EP/K03197X/1) and Warren’s Wish (Registered Scottish charity number SC 045290). 
Acknowledgments 
We sincerely thank the relatives of the lung donors and all those involved in enabling the use 
of these organs in research, made possible through charitable funding from Warren’s Wish. We 
thank Bethany Mills and Sheelagh Duncan for preparation of tissue samples and labelling of 
bacteria, and Philip Emmanuel for preparation of fluorescent dyes. We also thank Nawaar Al 
Attar, Annya Bruce, the nurses, clinical staff and all others who made our human lung model 
research possible. Finally, we acknowledge the use of a number of packages for scientific 
computing in Python [31–35]. The experimental data is available via Edinburgh DataShare 
(http://dx.doi.org/10283/3271). 
Disclosures 
The authors declare that there are no conflicts of interest related to this article. 
References 
1. J. W. Lichtman and J.-A. Conchello, “Fluorescence microscopy,” Nat. Methods 2(12), 910–919 (2005). 
2. B. A. Flusberg, E. D. Cocker, W. Piyawattanametha, J. C. Jung, E. L. M. Cheung, and M. J. Schnitzer, “Fiber-
optic fluorescence imaging,” Nat. Methods 2(12), 941–950 (2005). 
3. J. Zhang, R. E. Campbell, A. Y. Ting, and R. Y. Tsien, “Creating new fluorescent probes for cell biology,” Nat. 
Rev. Mol. Cell Biol. 3(12), 906–918 (2002). 
4. M. B. Wallace and P. Fockens, “Probe-based confocal laser endomicroscopy,” Gastroenterology 136(5), 1509–
1513 (2009). 
5. M. Hughes, T. P. Chang, and G.-Z. Yang, “Fiber bundle endocytoscopy,” Biomed. Opt. Express 4(12), 2781–
2794 (2013). 
6. Y. Pan, J. P. Volkmer, K. E. Mach, J. J. Liu, R. V. Rouse, D. Sahoo, T. C. Chang, M. Van De Rijn, E. Skinner, 
S. S. Gambhir, I. Weissman, and J. C. Liao, “Endoscopic molecular imaging of human bladder cancer using a 
                                                                              Vol. 10, No. 4 | 1 Apr 2019 | BIOMEDICAL OPTICS EXPRESS 1867 
CD47 antibody,” Mol. Imaging Biol. 15(S1), 2–1590 (2013). 
7. A. Lopez, D. V. Zlatev, K. E. Mach, D. Bui, J. J. Liu, R. V. Rouse, T. Harris, J. T. Leppert, and J. C. Liao, 
“Intraoperative Optical Biopsy during Robotic Assisted Radical Prostatectomy Using Confocal 
Endomicroscopy,” J. Urol. 195(4 Pt 1), 1110–1117 (2016). 
8. N. Krstajić, B. Mills, I. Murray, A. Marshall, D. Norberg, T. H. Craven, P. Emanuel, T. R. Choudhary, G. O. S. 
Williams, E. Scholefield, A. R. Akram, A. Davie, N. Hirani, A. Bruce, A. Moore, M. Bradley, and K. Dhaliwal, 
“Low-cost high sensitivity pulsed endomicroscopy to visualize tricolor optical signatures,” J. Biomed. Opt. 
23(7), 1–12 (2018). 
9. N. Krstajic, A. R. Akram, T. R. Choudhary, N. McDonald, M. G. Tanner, E. Pedretti, P. A. Dalgarno, E. 
Scholefield, J. M. Girkin, A. Moore, M. Bradley, and K. Dhaliwal, “Two-color widefield fluorescence 
microendoscopy enables multiplexed molecular imaging in the alveolar space of human lung tissue,” J. Biomed. 
Opt. 21(4), 46009 (2016). 
10. A. R. Akram, N. Avlonitis, A. Lilienkampf, A. M. Perez-Lopez, N. McDonald, S. V. Chankeshwara, E. 
Scholefield, C. Haslett, M. Bradley, and K. Dhaliwal, “A labelled-ubiquicidin antimicrobial peptide for 
immediate in situ optical detection of live bacteria in human alveolar lung tissue,” Chem. Sci. (Camb.) 6(12), 
6971–6979 (2015). 
11. A. Megia-Fernandez, B. Mills, C. Michels, S. V. Chankeshwara, N. Krstajić, C. Haslett, K. Dhaliwal, and M. 
Bradley, “Bimodal fluorogenic sensing of matrix proteolytic signatures in lung cancer,” Org. Biomol. Chem. 
16(43), 8056–8063 (2018). 
12. T. Aslam, A. Miele, S. V. Chankeshwara, A. Megia-Fernandez, C. Michels, A. R. Akram, N. McDonald, N. 
Hirani, C. Haslett, M. Bradley, and K. Dhaliwal, “Optical molecular imaging of lysyl oxidase activity - detection 
of active fibrogenesis in human lung tissue,” Chem. Sci. (Camb.) 6(8), 4946–4953 (2015). 
13. T. H. Craven, N. Avlonitis, N. McDonald, T. Walton, E. Scholefield, A. R. Akram, T. S. Walsh, C. Haslett, M. 
Bradley, and K. Dhaliwal, “Super-silent FRET Sensor Enables Live Cell Imaging and Flow Cytometric 
Stratification of Intracellular Serine Protease Activity in Neutrophils,” Sci. Rep. 8(1), 13490 (2018). 
14. A. Megia-Fernandez, B. Mills, C. Michels, S. V. Chankeshwara, K. Dhaliwal, and M. Bradley, “Highly selective 
and rapidly activatable fluorogenic Thrombin sensors and application in human lung tissue,” Org. Biomol. 
Chem. 15(20), 4344–4350 (2017). 
15. T. Cheng, Q. Liu, R. Zhang, Y. Zhang, J. Chen, R. Yu, and G. Ge, “Lysyl oxidase promotes bleomycin-induced 
lung fibrosis through modulating inflammation,” J. Mol. Cell Biol. 6(6), 506–515 (2014). 
16. F. Chua and G. J. Laurent, “Neutrophil elastase: mediator of extracellular matrix destruction and accumulation,” 
Proc. Am. Thorac. Soc. 3(5), 424–427 (2006). 
17. A. Davey, D. F. McAuley, and C. M. O’Kane, “Matrix metalloproteinases in acute lung injury: mediators of 
injury and drivers of repair,” Eur. Respir. J. 38(4), 959–970 (2011). 
18. A. Churg, S. Zhou, and J. L. Wright, “Series “matrix metalloproteinases in lung health and disease”: Matrix 
metalloproteinases in COPD,” Eur. Respir. J. 39(1), 197–209 (2012). 
19. L. Thiberville, S. Moreno-Swirc, T. Vercauteren, E. Peltier, C. Cavé, and G. Bourg Heckly, “In vivo imaging of 
the bronchial wall microstructure using fibered confocal fluorescence microscopy,” Am. J. Respir. Crit. Care 
Med. 175(1), 22–31 (2007). 
20. A. R. Akram, S. V. Chankeshwara, E. Scholefield, T. Aslam, N. McDonald, A. Megia-Fernandez, A. Marshall, 
B. Mills, N. Avlonitis, T. H. Craven, A. M. Smyth, D. S. Collie, C. Gray, N. Hirani, A. T. Hill, J. R. Govan, T. 
Walsh, C. Haslett, M. Bradley, and K. Dhaliwal, “In situ identification of Gram-negative bacteria in human 
lungs using a topical fluorescent peptide targeting lipid A,” Sci. Transl. Med. 10(464), eaal0033 (2018). 
21. Y. Hiraoka, T. Shimi, and T. Haraguchi, “Multispectral imaging fluorescence microscopy for living cells,” Cell 
Struct. Funct. 27(5), 367–374 (2002). 
22. G. Lu and B. Fei, “Medical hyperspectral imaging: a review,” J. Biomed. Opt. 19(1), 10901 (2014). 
23. J. M. Stone, H. A. C. Wood, K. Harrington, and T. A. Birks, “Low index contrast imaging fibers,” Opt. Lett. 
42(8), 1484–1487 (2017). 
24. J. M. Stone, T. Choudhary, H. Parker, B. Mills, A. Marshall, D. Choudhury, M. G. Tanner, H. A. Wood, K. 
Harrington, J. C. Knight, T. A. Birks, K. Dhaliwal, and M. Bradley, “A multifunctional endoscope for imaging, 
fluid delivery and fluid extraction (Conference Presentation),” in Optical Fibers and Sensors for Medical 
Diagnostics and Treatment Applications XVIII (2018), 10488, p. 29. 
25. A. S. Luthman, S. Dumitru, I. Quiros-Gonzalez, J. Joseph, and S. E. Bohndiek, “Fluorescence hyperspectral 
imaging (fHSI) using a spectrally resolved detector array,” J. Biophotonics 10(6-7), 840–853 (2017). 
26. M. A. van der Putten, L. E. MacKenzie, A. L. Davies, J. Fernandez-Ramos, R. A. Desai, K. J. Smith, and A. R. 
Harvey, “A multispectral microscope for in vivo oximetry of rat dorsal spinal cord vasculature,” Physiol. Meas. 
38(2), 205–218 (2017). 
27. A. D. Elliott, L. Gao, A. Ustione, N. Bedard, R. Kester, D. W. Piston, and T. S. Tkaczyk, “Real-time 
hyperspectral fluorescence imaging of pancreatic β-cell dynamics with the image mapping spectrometer,” J. Cell 
Sci. 125(Pt 20), 4833–4840 (2012). 
28. S. Seth, A. R. Akram, K. Dhaliwal, and C. K. I. Williams, “Estimating Bacterial and Cellular Load in FCFM 
Imaging,” J. Imaging 4(1), 11 (2018). 
29. E. Pedretti, M. G. Tanner, T. R. Choudhary, N. Krstajić, A. Megia-Fernandez, R. K. Henderson, M. Bradley, R. 
R. Thomson, J. M. Girkin, K. Dhaliwal, and P. A. Dalgarno, “High-speed dual color fluorescence lifetime 
endomicroscopy for highly-multiplexed pulmonary diagnostic applications and detection of labeled bacteria,” 
                                                                              Vol. 10, No. 4 | 1 Apr 2019 | BIOMEDICAL OPTICS EXPRESS 1868 
Biomed. Opt. Express 10(1), 181–195 (2018). 
30. A. Perperidis, H. E. Parker, A. Karam-Eldaly, Y. Altmann, K. Dhaliwal, R. R. Thomson, M. G. Tanner, and S. 
McLaughlin, “Characterization and modelling of inter-core coupling in coherent fiber bundles,” Opt. Express 
25(10), 11932–11953 (2017). 
31. J. D. Hunter, “Matplotlib: A 2D graphics environment,” Comput. Sci. Eng. 9(3), 90–95 (2007). 
32. OpenCV Community, “The OpenCV Reference Manual,” October (2010). 
33. S. van der Walt, J. L. Schönberger, J. Nunez-Iglesias, F. Boulogne, J. D. Warner, N. Yager, E. Gouillart, and T. 
Yu; scikit-image contributors, “scikit-image: image processing in Python,” PeerJ 2, e453 (2014). 
34. T. E. Oliphant, Guide to NumPy, 2nd ed. (CreateSpace Independent Publishing Platform, 2015). 
35. E. Jones, T. Oliphant, P. Peterson, and others, “SciPy: Open source scientific tools for Python,” Comput. Sci. 
Eng. (2007). 
 
                                                                              Vol. 10, No. 4 | 1 Apr 2019 | BIOMEDICAL OPTICS EXPRESS 1869 
